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In this paper, we propose a way to realize topological s-wave superconductivity with application of
circularly polarized laser light in two-dimensional bilayer transition metal dichalcogenides (TMDs).
Using Floquet theory, we analyze a tight-binding model of bilayer TMDs with time-periodic electric
fields. After deriving an effective Hamiltonian, we investigate topological properties of the s-wave
superconducting state. The laser light induces valley-dependent layer polarization and makes the
system to be a topologically nontrivial superconducting state characterized by the Chern num-
ber. We show topological phase diagrams in the absence and presence of the Kane-Mele spin-orbit
coupling which causes hidden spin polarization in bilayer TMDs. Although the topological phase
diagram is affected by the spin-orbit coupling, topological superconductivity can be realized without
relying on the spin-orbit coupling in sharp contrast to a previous proposal of laser-induced topo-
logical superconductivity [K. Takasan, et al., Phys. Rev. B 95, 134508 (2017)]. We also discuss
experimental setups to detect the topological phase.
I. INTRODUCTION
Attempts to realize novel quantum states of matter
in nonequilibrium states under time-periodic external
fields have garnered attention in recent years. In pe-
riodic external fields, which can be induced by laser
light, electrons repeatedly absorb and emit photons and
then the system becomes a nonequilibrium steady state.
Floquet theory is a method for theoretically describing
such nonequilibrium steady state, and the attempts are
called Floquet engineering1–4. The Floquet engineering
has attracted interests as one of the strategies for realiz-
ing topological phases of matter which is difficult to be
stabilized in equilibrium. For example, photo-induced
quantum anomalous Hall states were theoretically pro-
posed in laser-irradiated graphene5–7 and the observa-
tion of this phenomenon was reported recently8. This
quantum anomalous Hall state is regarded as a nonequi-
librium analogue of the Haldane model9; Circularly po-
larized laser light breaks time-reversal symmetry with-
out magnetic field, and induces the complex hopping,
a key ingredient of the Haldane model. Other topo-
logical phases have been also studied in various mate-
rials, such as a semiconductor quantum well4,10, transi-
tion metal dichalcogenides (TMDs)11, a twisted bilayer
graphene12–14, and van der Waals magnets15.
Floquet engineering may also be useful for designing
topological superconductivity (TSC). Although efforts
towards realization of two-dimensional (2D) TSC have
revealed candidates such as a heterostructure16 and bulk
Sr2RuO4
17, properties of their superconducting phases
remain unclear18,19. Optical control of superconductors
can provide an alternative way20,21. For example, a pre-
vious study theoretically proposed topological d-wave su-
perconductivity induced with laser light in cuprate thin
films20. In this case, the laser light induces an effective
magnetic field that causes the topological phase transi-
tion22. The induced magnetic field is second order in
the Rashba spin-orbit coupling (SOC), and therefore a
large SOC is necessary for the TSC robust against per-
turbations. This is challenging in the material research.
In this paper we propose another path to laser-induced
TSC. Choosing bilayer TMDs as a target material, we
show the topological s-wave superconductivity even in
the absence of the SOC.
A semiconducting analogue of graphene, TMD, is at-
tracting growing attention as a novel 2D material in both
basic and applied sciences. Motivated by recent technol-
ogy enabling us to engineer atomically thin TMD23, vari-
ous unique properties have been uncovered. In monolayer
TMDs, electrons with spin-valley locking due to inversion
symmetry (IS) breaking24 cause circular dichroism25,26
and valley Hall effect27.
TMD thin films opened a paradigm for a designed
superconductivity. In particular, purely 2D supercon-
ductivity was realized by gate-control28. Strong elec-
tric fields introduce carriers in semiconducting TMDs
such as MoS2
28 and WS2
29 and change the systems
to superconductors. The monolayer shows Ising super-
conductivity where in-plane critical magnetic fields are
boosted by a Zeeman SOC30–32. This phenomenon is
a clear demonstration of noncentrosymmetric supercon-
ductivity which has been intensively studied33. On the
other hand, the IS is restored in bilayer TMDs owing to
the sublattice structure. Then, we have opportunities
to engineer another exotic superconductivity. Supercon-
ducting few-layer TMDs have been reported in recent
experiments29,34. From the theoretical point of view,
odd-parity superconductivity has been theoretically pro-
posed35,36.
In this paper, we propose a possible way to realize a
topological superconducting phase out of equilibrium in
bilayer TMDs. We first analyze the tight-binding model
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2FIG. 1. (a) Crystal structure of 2Hb-stacked bilayer TMDs.
(b) Schematic picture of our setup, where a bilayer TMD is
irradiated by circularly polarized laser perpendicular to the
sample. In both figures, the red (blue) dots represent the
transition metal ions in the first (second) layer.
and derive an effective model under laser light with use
of the Floquet theory. Analogous to the laser-irradiated
graphene, the TMDs gain geometrically nontrivial prop-
erty from the induced complex hopping. Different from
the semiconducting graphene, the metallic TMDs may
show superconductivity, and then realize TSC. Calculat-
ing the Chern number in the effective model belonging
to class D, we show the topological phase diagram and
elucidate the conditions for realizing the TSC.
This paper is organized as follows. In Sec. II, we intro-
duce a model for 2Hb-stacked bilayer TMDs with and
without SOC. With the model, we show an effective
model under the laser light in Sec. III. In Sec. IV, we in-
vestigate topological properties and calculate the phase
diagram. In Sec. V, we discuss experimental setups to re-
alize laser-induced TSC. Finally, we conclude this study
in Sec. VI.
II. TIGHT-BINDING MODEL
To study a superconducting phase of electron-doped
bilayer TMDs, we introduce a tight-binding model for
metal ions in 2Hb-stacked bilayer TMDs
35. The lattice
structure is shown in Fig. 1 (a). The low-energy excita-
tions are governed by the dz2 orbital which forms Fermi
surfaces near the K/K ′ points24. Thus, the electronic
states are captured by a single-orbital model on the bi-
layer triangular lattice. The model is written as
Hˆ = Hˆkin + Hˆ⊥ + HˆZ + HˆI
=
∑
l,k,s
(k) cˆ†l,k,scˆl,k,s
+
∑
k,s
t⊥ f⊥(k) cˆ
†
2,k,scˆ1,k,s + H.c.
+
∑
l,k,s,s′
α g(k) · σss′ τzll cˆ†l,k,scˆl,k,s′
− V
∑
i,l
nˆil↑ nˆil↓,
(1)
where cˆ†l,k,s is the creation operator for an electron with
momentum k and spin s on the l-th layer (l=1, 2), σi
and τ i are Pauli matrices for spin and layer respectively,
and nˆils is the number density operator at the site i. The
first term Hˆkin is the intra-layer kinetic energy term,
(k) = 2t1
(
cos kya+ 2 cos
√
3kxa
2
cos
kya
2
)
− µ, (2)
with the chemical potential µ. We take only the nearest
neighbor hopping into account for simplicity. The lat-
tice constant is assumed to be a = 3.2 A˚ in accordance
with first-principles calculations of optimal structure in
monolayer MoS2
37,38. Below, we choose the lattice con-
stant as the unit length and adopt the unit of energy
t1 = 1 (' 200 meV39).
The second term Hˆ⊥ is the interlayer coupling of 2Hb
structure in MoS2, where the interlayer hybridization
function is
f⊥(k) =
1
3
(
eikx/
√
3 + 2e−ikx/2
√
3 cos
ky
2
)
:= f(k) + if ′(k).
(3)
Here, we divide f⊥(k) into the real part f(k) and the
imaginary part if ′(k) for later convenience. The constant
factor 13 is set so that the maximum amplitude of |f⊥(k)|
is unity.
The third term is the Zeeman-type SOC term which
originates from the local IS breaking of the crystal struc-
ture. Although the global IS is restored in bilayer sys-
tems, local symmetry of metal ions lacks IS35. Then, the
g-vector is
g(k) =
2
3
√
3
(
0, 0, sin ky − 2 cos
√
3kx
2
sin
ky
2
)
. (4)
We would like to note that the sign of the SOC is oppo-
site between layers so as to ensure the global IS. Such
sublattice-dependent SOC generally appears in locally
noncentrosymmetric crystals and the SOC term HˆZ was
indeed taken into account in the Kane-Mele model40.
Thus, this term is often called Kane-Mele SOC.
In this study, we assume conventional s-wave super-
conductivity and introduce a simple pairing interaction
in the last term of Eq. (1). The s-wave superconductiv-
ity in TMDs is supported by calculated phase diagrams
based on first-principles calculations41–43. Furthermore,
the s-wave pairing potential can be induced by proximity
effect in SC/TMD heterostructures. Our main conclusion
is that the TSC can be realized without relying on the
exotic Cooper pairing such as odd-parity superconduc-
tivity or chiral superconductivity. Thus, we do not touch
theoretical proposals of unconventional Cooper pairs in
TMDs36,44–47.
III. EFFECTIVE MODEL UNDER LASER
IRRADIATION
Next, we take the laser light into account. As shown in
Fig. 1 (b), we consider the circularly polarized laser light
3whose polarization plane is parallel to to the 2D layer.
The laser light causes a time-dependent electromagnetic
field. Since the wave function of electrons acquires Peierls
phase, the time-dependent Hamiltonian in the velocity
gauge is obtained by replacing k with k − A(t), where
A(t) is the vector potential. The model is written as
Hˆ(t) =
∑
l,k,s
(k−A(t)) cˆ†l,k,scˆl,k,s
+
∑
k,s
t⊥ f⊥(k−A(t)) cˆ†2,k,scˆ1,k,s + H.c.
+
∑
l,k,s,s′
α g(k−A(t)) · σss′ τzll cˆ†l,k,scˆl,k,s′
− V
∑
i,l
nˆil↑ nˆil↓,
(5)
with A(t) = (Ax cosωt,Ay sinωt, 0). Here ω is a fre-
quency of the laser light and the electric field is given by
E(t) = −∂tA(t).
In order to study the nonequilibrium steady states re-
alized by this time-periodic Hamiltonian, we adopt an
effective Hamiltonian approach6,48. The theory is based
on the Floquet’s theorem, which is an analogue of the
Bloch’s theorem in the time direction. We can define a
static effective Hamiltonian Hˆeff using the time-evolution
operator Uˆ ,
Hˆeff =
i
T
log(Uˆ), (6)
where Uˆ = T exp(−i ∫ T
0
dsHˆ(s)) and T is the time-
ordering operator. When the period T (frequency 2pi/T )
becomes short (high), a steady state with a finite life time
emerges and the state is asymptotically described by the
thermal state of the effective Hamiltonian49,50. To obtain
the explicit form of the effective Hamiltonian, we adopt
a perturbative expansion in 1/ω48. Then the effective
Hamiltonian can be derived as
Hˆeff = Hˆ0 +
∑
n>0
[Hˆn, Hˆ−n]
nω
+O(ω−2), (7)
where Hˆn =
1
T
∫ +T/2
−T/2 dtHˆ(t)e
−inωt are Fourier compo-
nents. The first term is nothing but the time average of
the Hamiltonian Eq. (5), and the second term represents
the perturbation process of virtually n-photon absorp-
tion/emission in off-resonant light. Higher order terms
are ignored in this paper.
After all, the effective model is obtained as
Hˆeff = Hˆ0 +
∑
n>0
[Hˆn, Hˆ−n]
nω
=
∑
l,k,s
˜(0)(k) cˆ†l,k,scˆl,k,s
+
∑
k,s
t⊥ f˜⊥
(0)
(k) cˆ†2,k,scˆ1,k,s + H.c.
+
∑
l,k,s,s′
α g˜(0)(k) · σzss′τzll cˆ†l,k,scˆl′,k,s′
− V
∑
i,l
nˆil↑ nˆil↓
+
∑
k,s,s′
m˜xy(k)σ
z
ss′ cˆ
†
2,k,scˆ1,k,s′ + H.c.
+
∑
l,k,s
m˜z(k) τ
z
ll cˆ
†
l,k,scˆl,k,s,
(8)
where time-averages are
˜(0)(k) =
2t1
[
J0(Ay) cos ky + 2J0
(√
3A2x
4 +
A2y
4
)
cos
√
3kx
2
cos
ky
2
]
− µ, (9)
f˜
(0)
⊥ (k) = f˜
(0)(k) + if˜ ′(0)(k) =
1
3
[
J0
(
Ax√
3
)
eikx/
√
3 + 2J0
(√
A2x
12 +
A2y
4
)
e−ikx/2
√
3 cos
ky
2
]
,
(10)
g˜(0)(k) =
2
3
√
3
[
J0 (Ay) sin ky − J0
(√
3A2x
4 +
A2y
4
)
cos
√
3kx
2
sin
ky
2
]
,
(11)
Corrections in the order of O(ω−1) are given by
4m˜xy(k) =
∞∑
n=1
2t⊥α
9
√
3nω
[
−{1− (−1)n}(−i)nJn
(
Ay√
3
)
Jn(Ay) cos kye
ikx/
√
3
− 2(−1)nJn
(
Ay√
3
)
Jn
(√
3A2x
4 +
A2y
4
)
sin(nθ) cos
ky
2
(
ei5kx/2
√
3 − (−1)ne−ikx/2
√
3
)
+ (−i)n−1Jn(Ay)Jn
(√
A2x
12 +
A2y
4
)(
einφ − (−1)ne−inφ) (cos ky2 − (−1)n cos 3ky2 ) e−ikx/2√3
− 2(−1)nJn
(√
A2x
12 +
A2y
4
)
Jn
(√
3A2x
4 +
A2y
4
){
sin(n(φ− θ))
(
e−i2kx/
√
3 cos ky − (−1)neikx/
√
3
)
− sin(n(φ+ θ))
(
e−i2kx/
√
3 − (−1)neikx/
√
3 cos ky
)}]
, (12)
:= m˜x(k) + im˜y(k), (13)
m˜z(k) =
∞∑
n=1
4t2⊥
9nω
[
2(−1)nJn
(
Ax√
3
)
Jn
(√
A2x
12 +
A2y
4
)
sin(nφ) cos
√
3kx
2
sin
ky
2
+ J2n
(√
A2x
12 +
A2y
4
)
sin(2nφ) sin ky
]
,
(14)
where φ = arcsin
Ay√
3A2x+A
2
y
, θ = arcsin
√
3Ay√
A2x+3A
2
y
, and
Jn(x) represents the n-th Bessel function. The laser ir-
radiation gives rise to two distinct features in the effec-
tive Hamiltonian. The first one is dynamical localiza-
tion51. In Eqs. (9)-(11), the 0-th Bessel function repre-
sents renormalization of hopping integrals. Intuitively,
increasing the laser intensity makes it more difficult for
electrons to move. The second one is laser-induced com-
plex hoppings, which are shown in Eqs. (12) and (14).
In the electron-doped TMDs, the inter-layer hopping t⊥
is much larger than the strength of SOC α35, and there-
fore, the leading order term is m˜z(k) ∝ t2⊥/ω in Eq. (14).
Since m˜z(k) is an odd function in terms of k, this term
causes the valley-dependent layer polarization. When
represented in the real space, this term represents a com-
plex hopping appearing in the Haldane model9. Deriva-
tion of this term is similar to one in the photo-irradiated
graphene5–7, as the bilayer TMD is an analogue of the
graphene.
In order to study superconducting states we deal with
the on-site attractive interaction term −V ∑i,l nˆil↑ nˆil↓
with use of the BCS-type mean field theory. Then, we
obtain the Bogoliubov-de Gennes (BdG) Hamiltonian
HˆBdG =
∑
k
Ψˆ†kHˆBdG(k)Ψˆk, (15)
HˆBdG(k) =
(
HˆN(k) ∆
∆† −HˆTN (−k)
)
, (16)
where ∆ = iσyτ0∆. Instead of self-consistently deter-
mining the order parameter ∆, we adopt it as a phe-
nomenological parameter. The normal part is obtained
from Eq. (8),
HˆN(k) = ˜
(0)(k)σ0τ0 + t⊥f˜ (0)(k)σ0τx + t⊥f˜ ′(0)(k)σ0τy
(17)
+ αg˜(0)(k)σzτz + m˜x(k)σ
zτx + m˜y(k)σ
zτy
(18)
+ m˜z(k)σ
0τz, (19)
and the Nambu spinor is
Ψˆ†k =
(
cˆ†1,k,↑, cˆ
†
2,k,↑, cˆ
†
1,k,↓, cˆ
†
2,k,↓,
cˆ1,−k,↑, cˆ2,−k,↑, cˆ1,−k,↓, cˆ2,−k,↓) .
(20)
IV. TOPOLOGICAL SUPERCONDUCTIVITY
In this section, we elucidate topological properties of
laser-irradiated superconducting bilayer TMDs. Because
of the complex hopping terms [Eqs. (12) and (14)], time-
reversal symmetry is broken. Therefore, the BdG Hamil-
tonian belongs to the class D in Altland-Zirnbauer classi-
fication, and topological properties can be characterized
by the Chern number, which is defined by
C =
1
2pii
∫
BZ
dkij
∑
n:filled
∇ki
〈
un(k)|∇kjun(k)
〉
. (21)
We evaluated the Chern number using the Fukui-
Hatsugai-Suzuki method by discretized Brillouin zone52.
Eigenstates of the BdG Hamiltonian |un(k)〉 are numeri-
cally calculated and the summation for all the filled bands
is carried out. With the calculated Chern number we
show the topological phase diagrams for superconduct-
ing order parameter ∆ and chemical potential µ (Figs. 3,
and 5). In the following part, we consider the circularly
polarized laser light (Ax = Ay = A).
5FIG. 2. Normal band structures without SOC. The parameters are set to be (t1, t⊥, α, ω) = (1.0, 0.6, 0.0, 5.0). (a) Comparison
between A = 0.0 and A = 1.0, which corresponds to the system without and with the laser light, respectively. Fine structures
around the K point for (b) A = 0.0 and (c) A = 1.0. The plotted momenta are shown by blue line on the horizontal axis in
Fig. 2 (a).
FIG. 3. (a) Topological phase diagram in the absence of the SOC. The parameters are the same as Fig. 2 (c). (b, c) Energy
spectra with open boundary conditions. (b) C = 0 phase [µ = −2.295, ∆ = 0.01]. (c) C = 4 phase [µ = −2.295, ∆ = 0.003].
A. Topological superconductivity without SOC
First, we discuss the system without SOC (α = 0).
Figure 2 (a) compares band structures in the normal state
with and without irradiation of laser light. We see that
the band width is renormalized due to the dynamical
localization. More importantly, the laser light changes
the fine structure around the K/K ′ points in the BZ.
Similar to graphene, the bilayer TMDs have Dirac points
at K and K ′ ensured by symmetry [see Fig. 2 (b)]. As
shown in Fig. 2 (c), the laser light induces the complex
hopping that plays a role of a mass term and opens the
gap.
When the chemical potential lies in the gap, the topo-
logical s-wave superconductivity specified by the Chern
number C = 4 is realized for a small superconducting gap
∆. Figure 3 (a) shows the topological phase diagram as
a function of the chemical potential µ and superconduct-
ing gap ∆. In accordance with the bulk-edge correspon-
dence, four chiral Majorana edge modes appear at the
edge of the system, as shown in Fig. 3 (c) for the C = 4
phase. In contrast, no topological edge state appears in
the topologically trivial (C = 0) phase [Fig. 3 (b)]. To
show the spectrum in the open boundary condition, we
carried out coordinate transformation in the momentum
space as (kx, ky)→ (k1, k2) (see Appendix A).
B. Topological superconductivity with SOC
Next, we study the model with SOC. Indeed, there
is a sublattice dependent Zeeman-type SOC in TMDs.
To clarify the role of the SOC on TSC, we calculate the
Chern number for various strength of the SOC.
We first adopt the SOC strength reported for the gated
MoS2
30. According to a first-principles calculation, the
SOC splitting at the K/K ′ point of the conduction band
is 3 meV, which corresponds to α = 0.0075. Then, we
obtain band structures and a topological phase diagram
in Figs. 4 and 5 respectively. In Fig. 5 (a), we see that
the TSC is realized in the presence of the SOC as well.
Accordingly, four chiral Majorana edge modes appear in
the energy spectra with open boundary conditions [see
Fig. 5 (c) for the C = 4 phase]. In contrast to the case
without SOC, not only the C = 4 phase but also the gap-
less superconducting phase appear in the phase diagram.
Topologically distinct phases in Fig. 5 (a) correspond
to the distinct band structures. When the SOC is fi-
nite, the band structure acquires a gap at the K/K ′
points [Fig. 4 (b)], in sharp contrast to the case of α = 0
6FIG. 4. Normal band structures with SOC. The parameters are set to (t1, t⊥, α, ω) = (1, 0.6, 0.0075, 5). (a) Comparison of
the band structures with and without irradiating laser light. Fine structures around the K point are shown for (b) A = 0 and
(c) A = 1.25. The plotted momenta are shown by blue line on the horizontal axis in Fig. 4 (a).
FIG. 5. (a) Topological phase diagram with SOC. The parameters are set as (t1, t⊥, α,A, ω) = (1.0, 0.6, 0.0075, 1.25, 5). (b,
c) Energy spectra with open boundary conditions. (b) C = 0 phase [µ = −1.938, ∆ = 0.01]. (c) C = 4 phase [µ = −1.938,
∆ = 0.003].
[Fig. 2 (b)]. The gap is known as an origin of the Z2 topo-
logical insulating phase in the Kane-Mele model40. The
laser light further lifts the remaining two-fold Kramers
degeneracy as shown in Fig. 4 (c). Similarly to the case
without SOC, a small superconducting order parameter
∆ makes the system to be a topological superconduc-
tor when the chemical potential is positioned inside the
gap at the K point. For our choice of the parameters
A = 1.25 and α = 0.0075 in Fig. 5, the complex hop-
ping due to the laser light is larger than the SOC split-
ting. Then, the Chern number changes as 0 → 4 → 0
with increasing the chemical potential. In this process,
we also see closing of superconducting gap in the grey
region of Fig. 5 (a), namely, the gapless superconduct-
ing phase. We show a BdG spectrum of this phase in
Fig. 6. It is shown that the Bogoliubov quasiparticle’s
band crosses the Fermi level and forms the Bogoliubov
Fermi surface53.
We also show the phase diagram as a function of the
SOC strength and laser intensity in Fig. 7. As the SOC
increases, larger amplitude of the laser light is needed to
induce the TSC. Therefore, a weak SOC is favorable for
the TSC in contrast to previous proposals20,54 which rely
on a finite Rashba SOC. In our proposal, not the SOC
FIG. 6. The BdG spectrum around the K point in a gapless
superconducting state. The plotted momenta are shown by
blue line on the horizontal axis in Fig. 4 (a). The parameters
are (t1, t⊥, ω,∆, µ) = (1.0, 0.6, 5, 0.005, −1.945).
but the complex hopping induced by laser light causes
the topological s-wave superconductivity. Therefore, su-
perconducting TMDs with a small or moderate SOC are
candidates of the TSC.
7FIG. 7. Topological phase diagram for the SOC strength and
the laser light intensity. The parameters are (t1, t⊥, ω,∆) =
(1.0, 0.6, 15, 0.001). The black region shows the topologically
nontrivial superconducting phase (C = 4), while the others
are trivial (C = 0) or gapless phases. Chemical potential is
set to be at the middle of quasiparticles’ gap at the K point.
V. EXPERIMENTAL SETUP
Finally, we address how to realize and observe the TSC
we propose in this study. To realize the TSC, we have to
use superconducting TMDs. However, TMDs are semi-
conductors, and thus they need to be doped with elec-
trons for being superconductive. As for MoS2, supercon-
ductivity is realized by either gating28,29,34 or intercala-
tion55. In our proposal, the key ingredient to realize topo-
logical phase is the complex hopping term (14) propor-
tional to t2⊥ and thus larger t⊥ is favored for TSC. From
this viewpoint, the gating approach is advantageous be-
cause the intercalation makes t⊥ smaller35. A challenge is
tuning the chemical potential to be inside the gap at the
K point. Using the chemical potential µ = −1.938, where
the topological phase appears as shown in Fig. 5, we esti-
mate the carrier density as n2D ' 1.8× 1013 cm−2 under
laser light (A = 1.25) at low temperature (T ∼ 5 K).
This value is below the critical carrier density for super-
conductivity28,34. To effectively realize superconducting
phase in such a low carrier density region we propose four
layer TMDs as a platform. By gating, outer two layers
may be sufficiently doped to be superconductive and in-
ner two layers cause TSC by the mechanism proposed
in this study. We can check fine tuning of the chemical
potential by measuring anomalous Hall effect. Our TSC
phase originates form Berry curvature near the K/K ′
points which also causes anomalous Hall effect. Thus,
we will see a large anomalous Hall effect in the normal
state when the chemical potential is appropriately tuned.
Property of laser light in our calculation is character-
ized by its frequency and intensity. Since our deriva-
tion of the effective model is based on the high-frequency
expansion, the frequency must be off-resonant and suf-
ficiently higher than the band width ∼ 10t1 = 2.0 eV.
As for the intensity, we need a sufficiently large inten-
sity to achieve the topological phase transition as shown
in Fig. 7. With α = 0.0075, the minimum intensity for
reaching the topological phase (C = 4) is A ∼ 1.7. As-
suming the frequency ~ω ∼ 3.0 eV (the wavelength λ ∼
400 nm), this intensity corresponds to the electric field
strength E ∼ 159 MV/cm. While this value is very large
and not easy to be achieved, it should be possible in
principle in future experiments, for example, by mak-
ing the laser spot smaller. Note that the above estima-
tion is based on our high-frequency expansion approach
and TSC is expected to be realized by weaker inten-
sity with lower frequency laser light because the electric
field is given E = ~ωA/(ea). In fact, the laser-induced
anomalous Hall state in graphene is theoretically pre-
dicted by both high-frequency expansion6 and the other
approaches5,7, and the laser light used in experiment for
this phenomenon is mid-infrared (MIR), not high8. Also,
a similar phenomena on the surface of a topological insu-
lator is realized by MIR laser which is not high frequency
for this system56. Similarly to this case, we expect that
our prediction is also valid even in the lower frequency
regime.
The other important aspect of the laser light is the
pulse width. In most experiments, a short pulse laser is
used to achieve the strong intensity. We should be care-
ful for two points to choose the pulse width. First, the
laser pulse should be sufficiently short in order to pre-
vent from heating the system. Second, the pulse should
be sufficiently long at the same time, so that the system
reaches the prethermalized state, the transient thermal
state described by the effective Hamiltonian49,50, from
the initial state. While this time scale depends on the
detail of materials and setups, we expect it should be
100 fs-1 ps from the experimental results relevant to Flo-
quet engineering in solids3,8,56.
To detect the appearance of TSC, the most promis-
ing way is time-resolved spectroscopy with low frequency
probe light in a pump-probe type experiment56,57. We
may realize the topologically nontrivial state by the
pump, and then measure the superconducting gap, which
should be modified transiently. Other approach is time-
resolved scanning tunnel microscope (STM) measure-
ment58–61. The state-of-art experiments have realized the
tunneling measurement of superconductivity in TMDs62,
and thus, this is more challenging approach. However, it
can provide spatially-resolved information, which can be
a direct evidence of the Majorana edge modes, and thus
is very important direction to explore the laser-induced
topological phases.
VI. SUMMARY AND OUTLOOK
In this study, we have proposed topological s-wave su-
perconductivity in bilayer TMDs realizable with applica-
tion of laser light. We first analyzed the bilayer model
8and derived the effective model based on Floquet theory.
As a result, we found laser light induces the complex hop-
ping (mass term), leading the system to the topologically
nontrivial phase. The topological s-wave superconductiv-
ity characterized by Chern number can be realized with
a certain intensity and frequency of laser light. Since
the induced complex hopping depends on the square of
interlayer hopping, pristine bilayer system is more desir-
able than intercalated systems. We have also discussed
experimental conditions about laser light: frequency and
intensity. In contrast to a previous proposal of laser-
induced TSC20, the TSC in this proposal does not need
SOC and it is robust against the SOC with a realistic
magnitude.
While our study is based on the high-frequency expan-
sion, a future issue is clarifying low-frequency driving us-
ing another method48,63. Nevertherless, we believe that
this work can be useful for various TMD materials with
a weak SOC.
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Appendix A: Coordinate vectors in momentum
space
When we calculate the topological edge state shown in
Figs. 3 (b, c) and 5 (b, c), we change coordinate vectors
in the momentum space as
{
kˆx, kˆy
}
→ {b1, b2}, (A1)
where {b1, b2} are the reciprocal lattice vectors of the
crystal translation vectors {a1,a2},
a1 =
(√
3
2 ,
1
2
)
,
a2 = (0, 1). (A2)
Then, wave numbers are represented as
k = kxkˆx + kykˆy = k1b1 + k2b2, (A3)
where
b1 =
zˆ × a2
a1 · zˆ × a2 =
(
2√
3
, 0
)
,
b2 =
(
− 1√
3
, 1
)
.
(A4)
Finally, we obtain the following relation,
kx = kˆx · k = 1√
3
(2k1 − k2), (A5)
ky = kˆy · k = k2. (A6)
Representing the BdG Hamiltonian (15) in terms of
(k1, k2), we calculate topological edge states in the open
boundary condition.
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